Eur. Phys. J. C manuscript No.
(will be inserted by the editor)

Exploring the Neutrinoless Double Beta Decay in the Inverted Neutrino
Hierarchy with Bolometric Detectors

D. R. Artusa'?, F. T. Avignone III', O. Azzolini’, M. Balata?, T. I. Banks*>?, G. Bari®,
J. Beeman’, F. Bellini®’, A. Bersani'’, M. Biassoni!"!2, C. Brofferio''2, C. Bucci?,

X. Z. Cai'3, A. Camacho?, L. Canonica’, X. G. Cao'?, S. Capelli'"-'?, L. Carbone'?,

L. Cardani®?, M. Carrettoni!""'2, N. Casali’, D. Chiesa'-'2, N. Chott!, M. Clemenza''-'2,
C. Cosmelli®?, O. Cremonesi'>?, R. J. Creswick!, I. Dafinei’, A. Dally'%, V. Datskov'?,
A. De Biasi’, M. M. Deninno®, S. Di Domizio'>'°, M. L. di Vacri’, L. Ejzak'*,

D. Q. Fang'3, H. A. Farach', M. Faverzani' ">, G. Fernandes'>'?, E. Ferri'"-'?,

F. Ferroni®®, E. Fiorini'>'!, M. A. Franceschi'®, S. J. Freedman>*®, B. K. Fujikawa’,
A. Giachero'"'2, L. Gironi''2, A. Giuliani'’, J. Goett?, P. Gorla?, C. Gotti'"-'?,

T. D. Gutierrez'®, E. E. Haller”-'?, K. Han’, K. M. Heeger’, R. Hennings-Yeomans®,
H. Z. Huang’', R. Kadel??, K. Kazkaz”, G. Keppel®, Yu. G. Kolomensky*>?, Y. L. Li'?,
C. Ligi'%, X. Liu?!, Y. G. Ma'3, C. Maiano'!'?, M. Maino''-'2, M. Martinez**,

R. H. Maruyama®’, Y. Mei’, N. Moggi®, S. Morganti’, T. Napolitano'®, S. Nisi’,

C. Nones?, E. B. Norman®>2°, A. Nucciotti'"'2, T. O’Donnell*, F. Orio’, D. Orlandi?,
J. L. Ouellet*®, M. Pallavicini!>!?, V. Palmieri’, L. PattavinaZ, M. Pavan!!-12,

M. Pedretti’®, G. Pessina'?, V. Pettinacci’, G. Piperno®’, C. Pira’, S. Pirro?,

E. Previtali'?, V. Rampazzo®, C. Rosenfeld', C. Rusconi'?, E. Sala'"!2, S. Sangiorgio>,
N. D. Scielzo>’, M. Sisti' 2, A. R. Smith?’, L. Taffarello’®, M. Tenconi'’,

F. Terranova''-'>2, W. D. Tian'!3, C. Tomei’, S. Trentalange’!, G. Ventura®-",

M. Vignati’, B. S. Wang?>%%, H. W. Wang'?, L. Wielgus'4, J. Wilson', L. A. Winslow?!,
T. Wise?>!4, A. Woodcraft?!, L. Zanotti!""'2, C. Zarra?, B. X. Zhu?!, S. Zucchelli*>°

! Department of Physics and Astronomy, University of South Carolina, Columbia, SC 29208 - USA
2INEN - Laboratori Nazionali del Gran Sasso, Assergi (L’ Aquila) I-67010 - Italy

3INFN - Laboratori Nazionali di Legnaro, Legnaro (Padova) I-35020 - Italy

4Department of Physics, University of California, Berkeley, CA 94720 - USA

SNuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 - USA
SINEN - Sezione di Bologna, Bologna 1-40127 - Italy

"Materials Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 - USA
8Dipartimento di Fisica, Sapienza Universita di Roma, Roma 1-00185 - Italy

°INFN - Sezione di Roma, Roma I-00185 - Italy

19INFN - Sezione di Genova, Genova I-16146 - Italy

Dipartimento di Fisica, Universita di Milano-Bicocca, Milano 1-20126 - Italy

I2INFN - Sezione di Milano Bicocca, Milano I-20126 - Ttaly

13Shanghai Institute of Applied Physics (Chinese Academy of Sciences), Shanghai 201800 - China
14Department of Physics, University of Wisconsin, Madison, WI 53706 - USA

SDipartimento di Fisica, Universita di Genova, Genova I-16146 - Italy

I6INFN - Laboratori Nazionali di Frascati, Frascati (Roma) 1-00044 - Italy

17Centre de Spectrométrie Nucléaire et de Spectrométrie de Masse, 91405 Orsay Campus - France
18pPhysics Department, California Polytechnic State University, San Luis Obispo, CA 93407 - USA
19Department of Materials Science and Engineering, University of California, Berkeley, CA 94720 - USA
20Department of Physics, Yale University, New Haven, CT 06520 - USA

2! Department of Physics and Astronomy, University of California, Los Angeles, CA 90095 - USA
22Physics Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 - USA
23Lawrence Livermore National Laboratory, Livermore, CA 94550 - USA

24Laboratorio de Fisica Nuclear y Astroparticulas, Universidad de Zaragoza, Zaragoza 50009 - Spain
2Service de Physique des Particules, CEA / Saclay, 91191 Gif-sur-Yvette - France

26Department of Nuclear Engineering, University of California, Berkeley, CA 94720 - USA
27EH&S Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 - USA

28INFN - Sezione di Padova, Padova I-35131 - Italy

29Dipartimento di Fisica, Universita di Firenze, Firenze [-50125 - Italy

39INFN - Sezione di Firenze, Firenze 1-50125 - Italy

3ISUPA, Institute for Astronomy, University of Edinburgh, Blackford Hill, Edinburgh EH9 3HJ - UK
2Dipartimento di Fisica, Universita di Bologna, Bologna I-40127 - Italy

the date of receipt and acceptance should be inserted later



Abstract Neutrinoless double beta decay (Ov33) is one of
the most sensitive probes for physics beyond the Standard
Model, providing unique information on the nature of neu-
trinos. In this paper we review the status and outlook for
bolometric OV 8 decay searches. We summarize recent ad-
vances in background suppression demonstrated using bolo-
meters with simultaneous readout of heat and light signals.
We simulate several configurations of a future CUORE-like
bolometer array which would utilize these improvements
and present the sensitivity reach of a hypothetical next-gene-
ration bolometric 0v 8 experiment. We demonstrate that a
bolometric experiment with the isotope mass of about 1 ton
is capable of reaching the sensitivity to the effective Majo-
rana neutrino mass (|m|) of order 10-20 meV, thus com-
pletely exploring the so-called inverted neutrino mass hier-
archy region. We highlight the main challenges and identify
priorities for an R&D program addressing them.

DISCLAIMER: This document was prepared as an
account of work sponsored by the United States Govern-
ment. While this document is believed to contain correct
information, neither the United States Government nor
any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any war-
ranty, express or implied, or assumes any legal responsi-
bility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed,
or represents that its use would not infringe privately
owned rights. Reference herein to any specific commer-
cial product, process, or service by its trade name, trade-
mark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency
thereof, or the Regents of the University of California.
The views and opinions of authors expressed herein do
not necessarily state or reflect those of the United States
Government or any agency thereof or the Regents of the
University of California.

1 Introduction

Neutrino oscillation experiments have provided compelling
experimental evidence that neutrinos are massive and ex-
hibit flavor mixing, but the absolute mass scale and the quan-
tum nature of these particles (that is, if they are Dirac or
Majorana fermions) remain unknown.

The square mass differences Am%2 and |Am%3| measured
by neutrino oscillation experiments leave open three differ-
ent possibilities for the ordering of the neutrino masses: nor-
mal hierarchy (NH), with m; < my < ms3, inverted hierarchy
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(IH), with m3 < m; < mp and degenerate hierarchy (DH),
with m; ~ my ~ m3. However, oscillation experiments are
not able to measure two fundamental properties of the neu-
trino: its nature (i.e. its quantum field structure) and its ab-
solute mass. The most promising known way to investigate
the Dirac-or-Majorana types of neutrino is neutrinoless dou-
ble beta decay (Ov ). If the neutrino is indeed found to be
Majorana, then one can simultaneously achieve constraints
on the absolute mass scale. Observation of Ovf3f3 process
would demonstrate unambiguously that the lepton number
is not strictly conserved. Such discovery would lend corrob-
orating evidence to the leptogenesis hypothesis as a mecha-
nism for generating matter-antimatter asymmetry in the Uni-
verse.

Currently operating Ov3 3 experiments probe the effec-
tive Majorana masses in the DH region. Several ambitious
projects have been proposed with sensitivity in the IH re-
gion. Such experiments are very challenging, as they require
significant detector masses and very low background levels.
In this paper we discuss a ton-scale bolometric Ov3f ex-
periment based on simultaneous readout of both heat and
light signals. This powerful technique offers superior back-
ground suppression, and the ability to investigate different
0vpB B candidate nuclei in large detector arrays. We present
results of simulations focusing on the background levels that
can be reached in specific experimental configurations and
discuss their discovery potential and the ultimate sensitivity.

2 Neutrinoless Double Beta Decay

The transition in which an even-even nucleus (A, Z) decays
into its (A, Z+2) isobar can be observed for isotopes whose
single beta decay is forbidden. In the Standard Model (SM)
this process is allowed with the simultaneous emission of 2
electrons and 2 anti-neutrinos (2vff), and it has been ob-
served experimentally in more than ten isotopes with half-
lives of the order of 10'® — 102! y [1].

There are various hypothesized mechanisms for 0v 3 [2,

3], all of them requiring physics beyond the Standard Model
(SM). In particular, since the discovery of neutrino mass, the
mechanism of virtual exchange of massive Majorana neutri-
nos has received increased attention. This mechanism relates
the OvB B decay half-life to important neutrino physics pa-
rameters which, in turn, help formulate detection strategies.
The OvB decay rate is proportional to the square of the
so-called effective Majorana mass |m,|:
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The quantity |m,,| is defined in terms of the three neutrino
masses and of the elements of the Pontecorvo-Maki-Nakaga-
wa-Sakata (PMNS) matrix [5], as follows:
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In Eq. (1), TIO/V2
mass, G% is the two-body phase-space factor, and MV is the
0vBB nuclear matrix element (NME). The product F\¥ =
G |MO|? is referred to as nuclear factor of merit. While
G can be calculated with reasonable accuracy, the NME
value is strongly dependent on the nuclear model used for its
evaluation. This problem, which is discussed in more detail
in Section 2.2, adds considerable uncertainties in the calcu-
lation of |m,,| from experimental measurements or limits on
the half-life.

Given the present experimental results on the parame-
ters governing neutrino oscillations, the expected allowed
ranges for |m,.| as a function of the lightest neutrino mass
are depicted in Fig. 1. For the inverted hierarchy scenario,
the range of the possible values for the effective Majorana
mass is [2-4]:

is the decay half life, m, is the electron

10 < |mee| S50 meV . 3)

One of the priorities in neutrino physics is the experimental
determination of the neutrino mass hierarchy. Neutrino os-
cillation experiments (accelerator-driven long-baseline ex-
periments, measurements at the reactors, as well as high-
statistics studies of atmospheric neutrinos) and cosmologi-
cal constraints on the sum of neutrino masses have the po-
tential to resolve the ordering of neutrino mass states in the
next decade or two [6]. Thus, searches for Ov 3 decays with
the sensitivity to completely explore the inverted hierarchy
region are both relevant and timely. Given the spread in the
values of the nuclear matrix elements (Section 2.2), achiev-
ing this goal requires that the next-generation experiments
aim at a sensitivity well below || < 20 meV.

2.1 Experimental sensitivity

Experimentally, neutrinoless double beta decay searches rely
on the measurement of the two emitted electrons. In the so-
called homogeneous approach (source = detector, Sec. 2.3)
one detects the two electrons in the same detector volume.
The summed kinetic energy of the two electrons and nu-
clear recoil is equal to the Q-value of the OV transition,
which is energetically dominated by the electrons. The sig-
nal would thus appear as a peak at the energy of the Q-value.
Existing limits constrain Ov 3 decay, if it occurs at all, to
be extremely rare.
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Fig. 1: Majorana neutrino mass as a function of the light-
est neutrino mass in the normal hierarchy (Am%3 > 0) and
in the inverted hierarchy (Am3, < 0) scenarios. The shaded
areas correspond to the 3¢ regions due to error propagation.
Figure from [4].

Observing potential OV counts is hindered by back-
ground events in the signal region of interest (ROI). If a
0vpBp peak is observed in the measured energy spectrum,
the half-life can be evaluated as:

TIO/V2 =1n2T&Ngg/Npeak 4)

where T is the measuring time, € is the detection efficiency,
Npgg is the number of B source nuclei under observation,
and Npak is the number of observed Ov 3 decays.

If no peak is detected, the sensitivity of a given 0v3 3 ex-
periment is usually expressed in term of the detector sensi-

tivity Tlo/‘é at ns (we use hatted quantities to indicate sensi-
tivities instead of true values), defined as the half-life cor-
responding to the signal that could be emulated by a back-
ground fluctuation of a chosen significance level, expressed
in numbers of Gaussian standard deviations (74 ), in the limit
of large background in the ROI:

oV _MNAane IMT
T]/g(”o) = o W f(AE) BAE ' (5)

where 1 is the stoichiometric coefficient of the S candi-
date; a is the B3 candidate isotopic abundance; Ny is Avo-
gadro’s number; W is the molecular weight of the active
mass; B is the background per unit of mass, time and en-
ergy; M is the detector mass; T is the live time; AE is the
ROI energy window (typically FWHM energy resolution); €
is the detector efficiency; and f(AE) is the fraction of signal
events that fall in an energy window AE around the Q-value.



Finally, Tlo/‘; from Eq. (5), along with £ from Eq. (1),

is translated into an effective Majorana mass sensitivity':
me

(TRFe) 2

(6)

|mee| o<

which, again referring to Eq. (5), highlights the slow depen-
dence (fourth root) of |m,.| on the experimental parameters
M, T, B, and AE in the limit of large background.

Eq. (5) holds if the number of background counts is large
enough that its distribution can be considered to be Gaus-
sian. In the so-called zero background limit, when the ex-
pected number of background counts is small, one should
use Poisson statistics and the corresponding formula for the
sensitivity at a given credibility level (c.l.) is:

oV In(2) Naane
Tlo/z(c.l.)ln(lfélé) AW M-T-f(AE).  (7)

2.2 Nuclear Matrix Element

It is clear from Eq. (1) that the evaluation of the nuclear ma-
trix element is needed in order to either: 1) extract the value
of |m,e| from the experimentally measured Ovf3 3 decay rate
or 2) convert an upper limit on the Ov3 8 decay rate to an
upper limit on |m,,|. Any uncertainty in the calculated val-
ues of MV will correspond to a significant uncertainty on
|mee|. Moreover, knowledge of the NME is required both
when planning new experiments and also when comparing
the results of experiments that use different nuclei.

The calculation of MV requires an accurate nuclear mo-
del. Since all 0v3 8 candidate nuclei are relatively heavy, the
corresponding many body problem cannot be solved with-
out approximations. Fig. 2 presents a summary of calculated
FY results for many different OV candidates based on
recent publications. For each isotope, the available results
from the following nuclear models have been considered:
Quasi Particle Random Phase Approximation (QRPA) [7-
9], Interacting Shell Model (ISM) [10], microscopic Inte-
racting Boson Model (IBM-2) [11], Projected Hartree-Fock-
Bogoliubov model (PHFB) [12] and Generating Coordinate
Method (GCM) [13]. Values for G° were taken from [14].

2.3 State of the Art

A variety of detection techniques are used in Ov3 3 experi-
ments. In the so-called homogeneous experiments the active
volume of the detector contains the double beta decaying

"When using Eq. 6 to convert the sensitivity TIO/‘; into a Majorana mass
range (for example in Table 9 and 10) we apply the correct error prop-
agation, according to [1].
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Fig. 2: Nuclear factor of merit values calculated for differ-
ent most recent theoretical models and for many different
0v B candidates. The bars represent the spread of the mod-
els.

isotope (source = detector) and, in case a decay occurs, the
sum energy of the two emitted electrons is detected. Ho-
mogeneous experiments can be based on solid (bolometers,
semiconductors, or scintillators), liquid (TPC: Time Projec-
tion Chamber or scintillators), and gaseous (TPC) devices.
In tracking experiments the double beta emitting isotope is
contained in thin foils surrounded by tracking detectors. With
this approach the emitted electrons can be identified and
tracked separately. In some cases, like the proposed NEXT
experiment [15], a homogeneous detector can also be oper-
ated as a tracking device.

Apart from one unverified claim?, no experimental evi-
dence for neutrinoless double beta decay has been observed
so far. Experimental half-life lower limits have been ob-
tained for several isotopes: "°Ge [16, 21, 22], 82Se [23, 24],
100Mo [23, 24], 139Te [25], and '*®Xe [26, 27].

Contemporary efforts are focused on so-called second
generation experiments (CUORE [28], SuperNEMO [29],
nEXO [30], NEXT [15], LUCIFER [31], GERDA 1I [32],
SNO+ [33]) with the goal of approaching the IH region at
|mee| < 50meV. Some of these experiments have already
started the first phase (EXO-200 [27], KamLAND-Zen [26],

2 After the publication of the last official results of the thirteen-year-
long Heidelberg-Moscow "°Ge experiment [16], a part of the collabo-
ration reanalyzed the full data set of 71.7 kg xy exposure and claimed a
4.2 o observed signal for Ov 3 in 7°Ge, with TIO/V2 =1.19x 10¥y [17].
More recently [18], continued refinement of their methods resulted in a
published confidence level of 6.4 ¢ corresponding to a decay half-life

of Tl% =2.237041 x 10®y and a |m,.| value between 0.19 and 0.59 eV

(according to the FNOV values of Fig. 2). Since its first appearance, the
claim has been strongly criticized by the double beta decay commu-
nity because of the assumptions made in the background evaluation
procedure [19, 20]. Nevertheless, regardless of its credibility, all future
double beta decay experiments will necessarily have to compare with
this result.



GERDA-I [34], MAJORANA Demonstrator [35]) with re-
duced mass devoted to the investigation of the "®Ge posi-
tive claim?, while considerable R&D is devoted to new tech-
niques which could contribute to the full exclusion of the [H
mass region (|| < 10 meV).

3 A strategy for the future: bolometers

The realization of an experiment with a reasonable discov-
ery potential down to the smallest |m,,| values is an incredi-
ble challenge in which detector technology plays a key role.

The most promising isotopes (see Table 1) are those that
show a high nuclear factor of merit*. However, even for
these, the expected event rate from Ov3f decay for a Majo-
rana mass of 10 meV, is as low as 0.1 to 1 counts per year
using a metric ton of source material (cnts/y/ton;s,). Un-
der these conditions, the exposure required to record even
a few OV decays is of the order of 1 to 10 (y - tonjg).
Moreover, to reach a reasonable signal-to-background ratio
in the energy region AE of approximately a FWHM around
the Q-value, a background counting rate lower than 0.01
cnts/keV/y/tonis, is needed for high resolution detectors (AE
~10 keV) or lower than 0.001 cnts/keV/y/ton;s, for low res-
olution detectors (AE ~100 keV). At these low rates the
intrinsic background from 2vff decay can compromise the
sensitivity of an experiment. For a given Tlo/"z, the ratio be-
tween the number of 2vBf and OvfBf decays in the en-
ergy region of interest for OV can be evaluated on the
basis of the measured le/‘;. As shown in Table 1, detectors
with good energy resolution (AE ~10 keV) have a 2vf3f3 to
0vfB event rate ratio well below one. This is a very strong
motivation for next generation experiments to exploit high
resolution detectors if possible.

The impact of environmental Y radiation on the back-
ground counting rate of a B experiment is an important
consideration. The most appealing isotopes to study are those
with a Q-value above most of the natural y-ray spectrum.
The 2°8TI line at 2.615 MeV is the most energetic y peak
visible in environmental background spectra; above this line
there are only extremely rare yrays (e.g. the very rare gamma
lines of 2'*Bi) or gamma emission stimulated by n capture.
Therefore, isotopes with Q-values greater than 2.6 MeV are
more desirable from this perspective.

3In July 2013, the GERDA collaboration published its first result on the
neutrinoless double beta decay of °Ge [22]. They observed no signal

and set a lower limit 7)) > 2.1-10* y (90% C.L.). The combination

with the results from previous 7°Ge experiments yields Tlo/v2 >3.0-10%
y (90% C.L.).

“It has been pointed out in a recent work [36] that, due to an approx-
imate inverse correlation between phase space and the square of the
nuclear matrix element that emerges from existing calculations, no iso-
tope is really favored or disfavored; all have qualitatively a similar de-
cay rate per unit mass for any given value of the Majorana mass.

Another important consideration is the natural isotopic
abundance of the Ov  candidate of interest (the parameter
a in Eq. (5)) and the isotopic enrichment cost. In Table 1, the
natural abundances of the most common OV 3 nuclei are
listed. Enrichment of detectors is limited by cost and techni-
cal feasibility. For example, in the case of 48(Ca and 159N,
the standard high-volume enrichment techniques are diffi-
cult at present. However, it is feasible to enrich all the other
isotopes listed in Table 1 (see Refs. [37—40]). Among these
isotopes, cost of enrichment for 13Te and '3°Xe is relatively
modest, but is more significant for others.

In summary, a detector’s sensitivity to Qv is directly
related to the choice of the B3 isotope being studied, and to
the detector technology being used.

Cryogenic bolometers [42, 43] have been used for many
years as particle detectors to study rare events such as Ov3 3
and dark matter. They are solid state devices, kept at a tem-
perature of ~10 mK, where a particle’s kinetic energy is
converted into lattice vibrations of the absorber material,
generating a temperature rise (AT). Such low temperature
is necessary since the heat capacity of an insulating crys-
tal varies as C o T3. The AT (about 0.1 mK for 1 MeV
of deposited energy in a 750 g crystal) is measured by a
thermometer (e.g. a semiconductor thermistor) affixed to the
surface of the absorber, that converts the temperature rise
into an electric pulse.

The advantages of the bolometric technique in the field
of Ovf have not been completely exploited. In particular,
bolometers offer a wide choice of possible absorber mate-
rials while also being able to achieve an energy resolution
competitive with that of Ge diodes (e.g. on the order of 5
keV FWHM at 3 MeV). The freedom in the choice of the
absorber provides an opportunity for consistent methodol-
ogy over a wide range of possible B isotope candidates
without the limitations usually imposed by the experimental
technique (e.g. as seen with the semiconductor detectors).

As a consequence, with bolometers it is possible to max-
imize the sensitivity in Eq. (5) (or Eq. (7)) through the op-
timization of all its terms, something that is seldom achiev-
able with other kinds of detectors. In particular:

1. Bolometers can maximize efficiency and fiducial mass
because they are solid state detectors; the large scale
(~ 0.2 tonjs,) in a bolometric experiment is being tested
by the CUORE [28] experiment currently under con-
struction,;

2. The energy resolution is among the best ever measured
for massive solid state detectors, ensuring negligible back-
ground from 2v 3 f spectrum tail;

3. The isotopic abundance can be maximized through en-
richment (except for “*Ca and "°Nd with present tech-
nology);



Table 1: Properties of the most commonly studied 0v3 8 candidates: Q-value, isotopic abundance, and le/‘é half-life (average

values from [41]). R‘(;tee‘=10meV

is the range of OV 3 count rates expected in an energy window of a FHWM around the

Q-value, for a Majorana mass of 10 meV, corresponding to the largest and smallest NME values among those of Fig. 2. The
ratio of signal counts in an energy window of a FHWM around the Q-value for a Gaussian distributed-signal is f(AE =
FWHM) = 0.76. In the last column we report the 2vf3 8 event rate around the Q-value, calculated by integrating the last 10
keV below the end point of the 2V spectrum. All rates are expressed in counts per year per ton of OV 3 emitting isotope.

Isotope Q a T, 12/‘; R‘O”"/” |=10meV RiOkeV
[keV] [%] 10" [yl [cnts/y/tonjs,]  [cnts/y/tongo]
Bca 4274 02 44703 0.06-0.9 5x107°
®Ge 2039 7.6 160"} 0.05-0.5 4% 107°
825e 2996 8.7 9.240.7 0.17-1.5 8 x 107°
967 3348 2.8 2.340.2 0.16-2.0 2x 1073
10Mo 3034 9.6  0.71+0.04 0.35-2.9 8 x 1075
ecq 2814 7.5 2.85+0.15 0.27-09 2x 107
30Te 2528 342 69413 0.15-1.0 2% 107°
136Xe 2458 8.9 220+6 0.1-0.6 6 x 1077
I0Nd 3368 5.6  0.82+0.9 0.36-1.7 3% 107

4. As discussed later in this paper, the background can be
minimized with a choice of the isotope and by employ-
ing active rejection techniques.

The CUORE experiment represents the most advanced
stage in the use of bolometers for OV 3 searches. CUORE
will consist of an array of ~1000 crystals for a total mass of
~1 ton of TeO, and ~200 kg of '3°Te. It is expected to be
taking data at Laboratori Nazionali del Gran Sasso (LNGS)
in 2015. The sensitivity of CUORE will depend on the back-
ground level, with the target near 50 meV [44]. In the future
CUORE may lead the way toward a few-ton scale exper-
iment capable of either exploring the entire IH region, or
making a precision measurement of TIO/‘;.

3.1 Scintillating bolometers

In the previous section we enumerated the many advantages
of using bolometers for OV searches. Among those, we
mentioned the possibility to actively reject radioactive back-
ground via particle identification; this is possible employing
scintillating bolometers.

Scintillating bolometers, used already both for 0v3 3 [45,
46] and for dark matter [47, 48] searches, provide a mech-
anism to distinguish o interactions (which are part of the
background only) from /¥ interactions (which can be a
part of both the background and signal).

A scintillating bolometer functions by operating a scin-
tillating crystal as a cryogenic bolometer (as described above)
and coupling it to a light detector, as shown in Fig. 3. Similar

Light Detector

I

Light

Thermometer

Energy
release

Scintillating
bolometer

Fig. 3: Operating principle of a scintillating bolometer. The
release of energy inside a scintillating crystal follows two
channels: light production and thermal excitation.

to other large-mass bolometers, the best energy resolution is
achieved at extremely low temperatures (~10 mK).

When a particle traverses the scintillating crystal and
interacts with the lattice, a large fraction of the energy is
transferred into the crystal as heat, raising the internal en-
ergy, thus inducing the already mentioned temperature rise.
A small fraction of the deposited energy produces scintilla-
tion light that propagates as photons out of the crystal. These
are then detected by a separate light detector facing the crys-



tal. The light detectors used so far for scintillating bolome-
ters are bolometers themselves and consist of germanium
or silicon wafers, kept at the same temperature as the main
bolometer. Scintillation photons deposit heat into the wafer
and induce a temperature rise, which is then measured by a
second thermistor.

The signals registered by the two thermistors are conven-
tionally named heat (the one generated in the main bolome-
ter) and light (the one induced in the light detector). Al-
though they have the same nature (temperature rises), they
originate from different processes.

An interesting feature of scintillating bolometers is that
the ratio between the light and heat signals depends on the
particle mass and charge. Indeed, while the thermal response
of a bolometer has only a slight dependence on the particle
type>, the light emission from a scintillator changes signif-
icantly with ionization energy density. Particles like s and
s have similar light emission (referred to as the light yield,
i.e. the fraction of particle energy emitted in photons), which
is typically different from the light emission induced by o
particles or neutrons. Consequently, the coincident measure-
ment of the heat and light signals allows particle discrimina-
tion. If the scintillating crystal contains a 33 candidate, the
0v 3 signal (i.e. the energy deposition produced by the two
electrons emitted after the decay) can be distinguished from
an o signal [45, 46], leaving only s and 7s to give sizable
contribution to the background.

Scintillating bolometers containing Ca, Mo, Cd, and Se
have been successfully tested, coupled to a thin Ge wafer
operated as a bolometer for the light readout [46, 50, 52—
56]. At present scintillating crystals that look most promis-
ing for a large scale OV experiment are ZnSe, CAWOy,
and ZnMoOy.

A recent discovery in the field of scintillating bolome-
ters [57] opens up a new analytical technique to increase the
background rejection power. When the bolometer is a scin-
tillator, the heat signal presents a different time-dependent
shape according to the amount of energy that flows into non-
radiative processes of the light channel [58]. This allows dis-
crimination of as from the /7 particle populations with-
out the light readout. The ability to recognize the interacting
particle from the different pulse shapes of the thermal signal
was demonstrated both for ZnMoQ4 (see details in refer-
ences [55-57]) and for ZnSe crystals [50], while in CdAWO4
only small evidence of this feature was observed.

The sensitivity to pulse shape is currently limited by
the readout bandwidth of the Neutron Trasmutation Doped
(NTD) sensors. This can likely be improved with low-impe-
dance sensors, e.g. Transition Edge Sensors (TES) [59].

SThis dependence is of the order of 7%, for TeO, crystals [49] and
about 10-20% for scintillating crystals [50, 51].

3.2 TeO, bolometers with Cherenkov light readout

According to the present understanding of TeO, crystals,
they do not scintillate at bolometric temperatures (~10 mK).
However, the many advantages offered by this material in
terms of bolometric performances and the high natural iso-
topic abundance of '39Te with respect to other candidate nu-
clei have provided a strong motivation to pursue another,
extremely challenging, option: the readout of the Cherenkov
light. According to [60], TeO, crystals have suitable optical
properties to act as Cherenkov radiators, with a threshold for
Cherenkov light emission of about 50 keV for electrons and
about 400 MeV for o particles. Given the typical energies
of «a particles emitted in radioactive decays (3-10 MeV),
they are below threshold for Cherenkov light emission. This
provides, at least in principle, the possibility of tagging /vy
interactions and rejecting the o ones based on the measure-
ment of Cherenkov light. Cherenkov light emitted by elec-
trons has only recently been observed in a TeO, bolome-
ter [49, 61] while coupled to the same kind of light detector
used for scintillating bolometers.

The o background rejection capability of this technique
is not yet comparable with the one obtained with scintil-
lating bolometers. Nevertheless, the results are encouraging
and have inspired further R&D in an effort to increase the
o vs. B/y separation. This could be done through the op-
timization of the light collection and the reduction of the
noise in the light detector or using a new light detector con-
cept (TES [59] or Luke effect [62] enhanced bolometers,
MKIDs [63], integrated thermistor, etc.).

3.3 Results on o background discrimination power

The ability of a scintillating bolometer, or of a bolometer
with Cherenkov light readout, to separate o events from fs
and 7s is demonstrated in Fig. 4 where we have collected the
most recent results obtained with ZnSe, CdAWO4, ZnMoQy,
and TeO, .

The bolometers were operated with very similar config-
urations in a low temperature dilution refrigerator installed
underground in Hall C of Laboratori Nazionali del Gran
Sasso (LNGS). The a vs. /7 rejection factor was deter-
mined by exposing the bolometers to a 23Th calibration y
source and to a degraded « source. The experimental details
regarding each bolometer are described in [46, 50, 52-56,
61]. As can be seen in Fig. 4 (a,b,c), CdAWO4 and ZnMoOy4
show similar features. Although they have different light
yields, the two classes of particle populations (o and f3/7)
are clearly identified. The same is true for ZnSe except the
a band lies above the ¥ one. Fig. 4 (d) shows the light versus
heat scatter plot recorded in a TeO, crystal with Cherenkov
light readout. The points belonging to calibration peaks are
marked in black and the average light for each peak is shown,



both for a peaks (triangles) and for /7y peaks (circles). The
Cherenkov light yield for o peaks is compatible with zero,
as it should be.

A summary of results concerning the & vs /v discrim-
ination power (DP) is given in Table 2. We define DP as
follows:

_ My~ Mol

) 2
Gﬁ/y—i-ca

where L; is the average value of the distribution of the dis-
criminating parameter for one of the two i € {8/7v, a} parti-
cle populations and o; is the associated width. The discrim-
inating parameter can be the light/heat ratio, a pulse shape
variable, or the amplitude of the Cherenkov light signal, ac-
cording to the given ¢ discriminating technique.

DP (8

3.4 Energy resolution

In Table 3 we report the energy resolutions obtained with
the scintillating bolometers tested so far as well as the re-
sults for the TeO, crystals. The values in the fourth column
(FWHMgp), for scintillating crystals, correspond to an im-
proved energy resolution obtained after correcting for the
energy correlation (or anti-correlation) between the heat and
light signals (details in [51] and [52]).

It is interesting to note the excellent energy resolution
obtained by the ZnMoQ; crystals. In fact, for this crystal,
the correction for the energy correlation between the heat
and light signals was not applied. This feature opens the
possibility of an experiment with discrimination using pulse
shape analysis alone, without the need for light detectors to
improve the energy resolution.

The resolution quoted for TeO, crystals was obtained,
as explained in [64], as the mean value of the resolutions
observed in 5x5x5 cm? CUORE crystals tested in cryo-
genic runs at the LNGS [64] in a series of routine tests on
the quality of the provided crystals. For the other crystals
results reported in Table 3, one should take into considera-
tion that the results were obtained on test crystals operating
under suboptimal noise conditions in a setup not specifically
optimized for energy resolution. Therefore, in the following
discussion, we will make the reasonable assumption that the
scintillating crystals, with the optimized thermal design and
working conditions, will be able to reach an energy resolu-
tion of 5 keV as measured for the 5x5x5 cm? TeO, crystals.

4 The Inverted Hierarchy Explorer

The aim of this study is to define the criteria and the con-
straints for a next generation bolometric experiment able to
test the inverted hierarchy region of the neutrino mass spec-
trum and to assess the sensitivity of such an experiment. In

the following we will refer to this experiment as the Inverted
Hierarchy Explorer (IHE).

We will consider as possible choices for the IHE de-
tectors the scintillating bolometers already tested and men-
tioned above (ZnMoQ,4, CdWQy, and ZnSe) and TeO, bolo-
meters with Cherenkov light readout.

For each candidate bolometer, we will assume a 90%
isotopic enrichment in the 3 emitting isotope.

For this discussion, we will assume the IHE experiment
will operate underground at LNGS using an experimental
set-up similar to the one presently under construction for the
CUORE experiment. Fig. 5 shows the main elements of the
experimental apparatus:

— The detector: 988 bolometers, each with a volume of
125 cm? (5x5x5 ecm?), arranged in a close-packed array
held by a copper structure. The detectors are arranged in
planes of 4 crystals each, with PTFE spacers that secure
crystals to the copper frames. Light detectors consisting
of Ge or Si ultrapure wafer of about 300 pm thickness
and 10 cm diameter cover each plane. The scintillating
crystals are wrapped in a reflecting foil to improve the
light collection efficiency.

— The cryostat: a low temperature refrigerator made of few
nested cylindrical copper thermal shields. The detector
is located inside the inner cylinder. A 10 cm-thick cop-
per vessel shields the bolometers from the radioactivity
of the cryostat itself. A 30 cm-thick lead disk, placed
just above the detector, provides supplementary shield-
ing against the radioactivity of the various components
of the refrigerator located above the detector: the dilu-
tion unit, the pumping lines, and the cabling system.
These upper components cannot be produced with the
same radiopurity required for the thermal shields.

— The external shields: positioned outside the refrigerator,
a 30 cm thick lead shield and a 20 cm thick borated
polyethylene shield are used to absorb s and neutrons.

The main characteristics of the IHE for the different 88 can-
didates are reported in Table 4.

4.1 Background

The energy ROI for background evaluation is one FWHM
(5 keV) wide and centered at the OV Q-value (between
2.528 and 3.035 MeV depending on the isotope). In this re-
gion we expect background contributions from the following
sources:

— Environmental us, neutrons, and ¥s;

— 28U and 2Th in setup elements far from the detectors,
contributing only through the y emissions of their daugh-
ters 2“Bi and 208T1;



Table 2: Summary of the o vs. /¥ discrimination power (DP, see Eq. (8)) obtained for several scintillating bolometers
and for TeO; bolometers. Results for three techniques are shown: the double readout of the heat and the scintillation light,
the pulse shape analysis, and the readout of the Cherenkov light. All results were obtained at the 2615 keV 28Tl line. For
the Cherenkov light readout, the values of the discrimination power reported here are lower than the separations calculated
in [49] and [61] due to a different definition of DP.

Bolometer  Scintillation ~ Pulse shape = Cherenkov Ref.
ZnSe 9 15 - [50]
CdWOy4 15 - - [52]
ZnMoO, 8-17 8-20 - [55-57]
TeO, - - 1-1.5 [49, 61]
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Fig. 4: Light vs. heat scatter plots of recently tested bolometers. The different nature of the light signal should be noted.
CdWOy4 (a), ZnMoOy (b), and ZnSe (c) are scintillating bolometers where the light signal is given by the scintillation induced
by particle interactions. TeO; (d) does not scintillate, however Cherenkov light is produced by /¥ interactions (circles) and
not by o ones (triangles). Pictures are readapted with authors consensus from the following papers: [52] (a), [55] (b), [50]
(c) and [61] (d).
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Table 3: Energy resolution evaluated at 2615 keV for large mass scintillating bolometers tested so far and for TeO,. Res-
olutions after correcting for the energy correlation (or anti-correlation) between the heat and light signals (details in [51]

and [52]) are reported as FWHMy.

Crystal mass FWHM FWHMy  Ref.
[g] [keV] [keV]

TeO, 750 52 [64]

ZnSe 330 28+1 9.5+0.4 [50]

ZnSe 431 16.3£1.5 13.4£1.3 [51]

CdWO4 510 16.5£0.5 6.25+£0.22  [52]

ZnMoO4 330 6.3£0.5 [56]

Table 4: THE characteristics for the different § candidates. For each isotope we quote the type of scintillating crystal, the
total mass of a 988 5x5x5 cm? crystal array, the number of B8 candidates, the number of decays in 5 years (N, pp) for the
most and the least favourable values of Fy among those discussed in Section 2.2 for |m,,.| = 50 meV and |m,,| = 10 meV.
We assume a 90% isotopic enrichment in the S emitting isotope. In the last column we list the 5 year sensitivity at 90% CL

under the zero background hypothesis (see Eq. (7)).

Isotope ~ Crystal  Mass Ngp Ng%‘%v N(I)%’EV 5y sensitivity
[ke] [cnts] [cnts] [yl
828e ZnSe 664 24x10°7 10-85 04-34 2.1x10%
6cd  Ccdwo, 985  1.5x1027  13-44 05-1.8 1.5%10%7
10Mo  ZnMoOs 540 1.3x1027  12-99  05-4 1.1x10%
130 TeO, 751  24x107 13-89 0.5-3.6 2.5%10%

— 2330 and 23?Th in setup elements close to the detectors,
contributing both with their own and their daughters’ o,
B and 7y emissions;

— 2vBf and its pile-up in the detectors. This particular
kind of background deserves to be mentioned separately
since, for a given enrichment, energy, and time resolu-
tion, it is irreducible.

For the intensities of these sources we used either mea-
sured values or upper limits, pointing out when further de-
velopments are needed in order to reach the desired back-
ground level. It should be stressed here that, given the high
radiopurity of the selected materials, the sensitivity of the
measurement technique plays a crucial role. For example,
bulk contamination limits for >*3U and 3> Th have been ob-
tained with high purity Ge detectors or neutron activation
analysis. In the cases where no evidence of contamination
was found in the measured samples, the ultimate limit on the
background resides in the sensitivity limits of the measur-
ing technique. CUORE itself will provide an high-sensitivity
bolometric determination of the radioactive contamination
in common detector materials.

Another source of background that should be considered
when searching for rare events is the activation of the detec-
tor’s material and of other materials constituting the exper-
imental setup, by sea-level cosmic-ray neutrons. This pro-
cess, known as cosmogenic activation, produces long-lived
radioisotopes whose subsequent decay can contribute to the
background in the ROI. This contribution depends on the
amount of isotope produced, that is on the neutron cross sec-
tion for the given material and on the exposure time at sea
level. Among the isotopes produced by cosmogenic activa-
tion, only the ones with a Q-value higher that the Q-value of
the neutrinoless double beta decay would be contributing to
the background in the RO, so isotopes with higher 0v 3 Q-
value are favored in this respect. The exposure time is also
a crucial issue that depends on the history of crystal pro-
duction. The evaluation of the background induced by cos-
mogenic activation relies on many complex aspects and it is
outside the scope of this paper.

To study the effect of the listed background sources on
the background of our experiment, we used a GEANT4-
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Fig. 5: Drawing of the IHE geometry, as implemented in the MC simulation: 988 bolometers (5x5x5 cm? each) arranged in
a close-packed array held by a copper structure, a low temperature refrigerator made of few nested copper thermal shields, a
10 cm thick internal copper vessel shields, a 30 cm thick lead disk placed just above the detector, a 30 cm thick external lead

shield, and a 20 cm thick borated polyethylene shield.

based [65] Monte Carlo simulation®. The simulation accu-
rately reflects the technical details of the detector geometry,
the cryostat, and the internal and external shields. Given the
extreme radiopurity and the small thickness, the light detec-
tors and the reflective sheet are not expected to give a size-
able contribution to the background and for this reason they
are not included in the simulated geometry.

In order to study different contributions to the ROI, all
the detector elements introduced in the code can serve as a
radioactive source with the bulk and surface contamination
independently simulated. In addition, the molecular com-
pound corresponding to the bolometers can be changed in
order to study the background expected for the four differ-
ent detectors.

The results presented in the following sections, unless
otherwise specified, are obtained assuming an o rejection
efficiency of 99.9% and an equal signal selection efficiency.
We do not reject mixed events like the B+o events produced
in the fast decay of the Bi-Po sequence; due to the slow re-
sponse of bolometers, events likes these are recorded as sin-
gle events and their energy deposits are summed.

5The simulation includes the propagation of i, neutron, 7, 8, and «
particles as well as heavy ions (nuclear recoil after ¢ particle emis-
sion). The Livermore physics list is particularly well suited for low en-
ergy studies and so it is used here for the generation of nuclear decays
or nuclear decay chains.

Moreover, we assume the detectors operate in anticoinci-
dence. This configuration selects only events where the en-
ergy is deposited in a single crystal, as would be the case
for a Ov B event. Detailed simulations have shown that the
OvBB containment efficiency of a 5x5x5 cm? crystal de-
pends on the crystal compound and varies from 76% for
ZnSe to 87.4% for TeO, . Due to the small thickness, the
presence of the light detector and reflecting sheet would in-
troduce only minor changes (of the order of few percent)
in the anticoincidence efficiency. We neglect these effects at
the present level of accuracy.

4.1.1 Environmental background

The environmental background at LNGS consists of cosmic
ray us, neutrons, and s (see for example [66, 67] and refer-
ences therein). The ys and neutrons are due to two sources:
1) the natural radioactivity of the rock in the laboratory walls
and 2) muon interactions in the rock, materials surrounding
the detector, and in the detector itself. The expected back-
ground contributions for a CUORE-like experiment, as re-
ported in [67], in a ROI of 5 keV around the Q-value are:

— us: ~5x 107! cnts/ton/y;

— neutrons: ~5 x 1072 cnts/ton/y;

— 7vs: < 2 cnts/ton/y (90% CL). This limit was extracted
from an analysis of simulated events with the anticoin-



cidence selection relaxed due to the low statistics of the
simulation.

Further reduction of the environmental background can be
obtained by implementing a muon veto and by using thicker
lead and polyethylene shields. In the following we will as-
sume that this contribution can be reduced to negligible lev-
els regardless of the target background counting rate of the
experiment.

4.1.2 Radioactive contamination: Far sources

We define as far elements all the parts of the experimen-
tal setup contributing only s that come from the 2*>Th and
238U decay chains. Because of the different Q-values, we
distinguish between two cases: 1) TeO, crystals, for which
both 232Th and 2*8U emissions are relevant, and 2) the other
three crystals, for which only 233U contribution is relevant
for the background. In fact, for the 232 decay chain, the
only gamma contribution above 2615 keV is given by the
summing of this line with other gammas emitted in cascade.
The probability of such a summing becomes negligible as
the distance of the source from the crystal increases’ . For the
background of the scintillating bolometers we always report
the worst result among the three crystals.

The limits on the 23¥U and 23>Th contaminations used
for the simulation of far elements have been measured in
materials selected for the CUORE experiment. They are re-
ported in Table 5 together with the resulting background
limits from simulations.

4.1.3 Radioactive contamination: Near sources - bulk

The total amount of material in close vicinity to the crystals
is dominated by the copper in the mechanical structure. The
resulting bulk background is reported in Table 5.

Table 6 summarizes the crystal bulk contamination re-
sults obtained in dedicated underground tests where the crys-
tals were operated as bolometers. The contamination lim-
its for TeO, have been measured in a random sample of
crystals produced for the CUORE experiment, which fol-
lowed very strict radiopurity protocols. The upper limits for
the other, scintillating, bolometers were obtained with proto-
types grown without rigorous attention to material selection.

The dominant contribution to the background per unit
source intensity simulated is from B/y emissions of 2%8TI,
21485 | and 2'9Pb. Further background reduction with re-
spect to the values reported in Table 6 can be obtained by
exploiting the technique of delayed coincidences. For exam-
ple, 28Tl B-decays with a Q-value of 5 MeV and a half-life
of 3 minutes. The background induced by this isotope can be

7In our case, the probability of summing is negligible for the 50 mK
thermal shield and farther sources.

rejected with the use of a delayed coincidence between the
208T] signal and the o emitted by its precursor, 212Bi (Eq =
6 MeV). The choice of the coincidence window width is a
compromise between the background reduction factor (Fg)
and the resulting dead-time (Tgeaq). For 232Th contamina-
tion of 8x107® Bq/kg (the worst case reported in Table 6),
the compromise sets Fg~3 and Tgeag~10%. With one order
of magnitude lower contamination, which may be possible
with a dedicated material purification campaign, we obtain
Fg~20 and Tye,q~3%.

Also, 2'*Bi B-decays with a branching ratio of 99.98%
to 2'4Po, which in turn a-decays with a very short half-
life (163 us) and a Q-value of 7.8 MeV. Bolometer sig-
nals develop over about 2 seconds, therefore the chain 2'*Bi
—214po—210Ph gives rise to a pile-up event that is easily
rejected. In this case, the energy released by the two decays
adds together and generates a continuous background whose
lower limit is the Q-value of the 2'“Po o decay. This is al-
ready taken into account in the simulation. In the remaining
0.02% of the cases, 2'*Bi a-decays to 2Tl , which is a B
emitter with a Q-value of 5.4 MeV and a half-life of 1.3
minutes. The background induced by this 8 emitter can be
rejected with the use of a delayed coincidence between the
210T] signal and the 2!“Bi signal.

As an additional remark about this kind of background
we discuss the contribution of ''*Cd in CdWOy, crystals.
This 3-decaying isotope (Q-value=316 keV) is responsible
for the high natural activity of CdAWOy crystals (~0.5 Bg/kg
in natural CdWQy) and could contribute to the ROI count-
ing rate through spurious pile-up events. However, isotopic
enrichment in the B8 candidate ''°Cd will deplete ''3Cd re-
ducing the pile-up-induced background. Enrichment in this
case will also decrease the rate of (n,y) reactions on 13¢q,
whose neutron cross section is extremely high.

Finally, bulk contaminations in the light detectors can be
neglected because Ge and Si wafers, whose masses are only
on the order of a few grams, are generally characterized by a
high intrinsic radiopurity. Also, events occurring within the
light detectors can be easily tagged and rejected. For exam-
ple, given the typical energies of @ and 3 decays, the energy
deposition in the light detector will be much higher than the
ones typically produced by scintillation light. Moreover, a
direct particle event within the light detector can also be eas-
ily rejected by pulse shape analysis.

4.1.4 Radioactive contamination in near elements: surface

It is often observed, particularly in the most radiopure mate-
rials, that surface contamination exceeds the contamination
coming from the bulk. This is generally due to the exter-
nal mechanical and/or chemical treatment of the materials
or because the materials are exposed to contaminated air.
When considering elements that are close to the bolometers,



13

Table 5: Background rate induced in a ROI of 5 keV at Ovf3 8 by radioactive contamination in several setup elements for an
IHE experiment based on TeO; crystals or on scintillating bolometers. In the latter case we report the worst result among
those obtained for CdWOy4, ZnSe, and ZnMoOy. Far Sources correspond to cryostat elements and shields while Near Sources
correspond to the detector mechanical structure. The contamination limits for stainless steel were measured in commercially
available samples [68]. The contamination limits for copper and lead were measured by the authors in specially selected
copper (well suited for low temperature applications) and in specially selected lead. Limits are reported at 90% CL.

Element material contamination Te Se/Cd/Mo
[Bq/kg] [cnts/ton/y]
Far Sources
238U external shield lead <Ix107 <7x107% <4x1073
232Th external shield lead <7x1073 <1 <1x1072
238U 300 K top plate stainless steel <2x107* <5x107%  <3x1074
232Th 300 K top plate stainless steel <1x107* <3x1072 <3x107*
238U cryostat elements copper <7x107 <4x107"  <3x107!
232Th cryostat elements copper <2x107®  <3x107! <1x1072
2380 internal shield copper <7x107° <1 <6x107!
232Th internal shield copper <2x107° <8x107! <8x1073
238U 30 cm disk lead <Ix107° <1x1073 <7x107*
232Th 30 cm disk lead <7x107°  <2x107"  <2x1073
Near Sources
238U detector holders copper <7x107° <2 <1
232Th detector holders copper <2x107° <1x107!  <2x107!

Table 6: Crystal bulk contamination levels and the corresponding background counting rate in the ROI (without rejection by
delayed coincidence, see text). Here the background is dominated by /y events. Limits are reported at 90% CL.

Crystal 28y 232Th 238U in ROI 22ThinROI  Ref.
[Bg/kg] [Bg/kg] [cnts/ton/y] [cnts/ton/y]

TeO, <7x1077 <8x1077 <2x1072 <5x107"  [64]

ZnSe <4x1077 <4x1077 <3x1072 <3x107"  [50]

CdWO, <4x107° <4x10°6 <1 <5 [52]

ZnMoO; (27+£6)x 1076  <8x107®% (55+1.0)x 107! <5 [56]

these contaminants can be problematic in limiting sensitiv-
ity. For example, in the Cuoricino experiment a large frac-
tion of the counting rate in the ROI was attributed to sur-
face contamination on the detector materials [25]; this sur-
face background source will most probably be the one limit-
ing CUORE sensitivity [28, 69]. The o rejection capability
of scintillating bolometers is particularly effective in reduc-
ing this background source. Fig. 6 illustrates the effect of o
background rejection for 233U (left) and 232Th (right) con-
taminations on TeO, crystal surfaces and copper surfaces.

The impact of surface contamination on the background
depends critically on the contaminant (33U , 23?Th , !°Pb)
and on the depth of the contaminated layer. Both are gen-
erally difficult to measure [64, 66, 70, 71]. Therefore, we
assume a reasonable set of values based on our past expe-
rience with bolometers. The results reported in Table 7 are
obtained assuming, for both the crystals and the copper in
contact with them, a surface contamination with an expo-
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Fig. 6: Effect of o background rejection for 234U (top) and
232Th (bottom) contaminations on TeO crystal surfaces and
copper surfaces. The spectra have been obtained simulating
a surface contamination with an exponential depth profile
and the mean depth of 5 um. Solid histograms correspond to
the total simulated background contribution from the given
source (crystal or copper) while in the dashed histograms
the o contribution is removed.

nential depth profile and the mean depth of 5 um®. The mea-
sured activities (or limits) of the various contaminants are
also reported. For crystal surfaces, the activity limits were
measured in TeO, bolometers [64] and no evidence for sur-
face contamination was found. The extreme radiopurity of
the surfaces has been achieved with a dedicated protocol of

8The real depth of the TeO, crystal surface contamination is not exactly
known. However, we have used the most conservative value among
those analyzed in [64], that is the one which produces the highest back-
ground in the ROIL.

polishing and cleaning that can be reasonably applied (and
most probably improved) to CAWO4 ZnSe, and ZnMoO, as
well.

For the copper surface contamination, we refer to the re-
sults obtained in [72] for the CUORE-0 experiment, a single
CUORE-like tower and a technical prototype of CUORE,
operated at LNGS since March 2013. Only indirect evidence
of surface contamination was found®. We use the same pro-
cedure as in [73] to convert the measured rate into a quanti-
tative limit on the surface contamination, that is we assume
that the entire rate measured in [72] is due to each species
of impurity on the copper surface (33U or 23>Th or 2!°Pb)
in turn. Therefore, the derived surface contamination values
are conservative and set mutually exclusive upper limits.

We recall that the background rates shown in Table 7 are
obtained assuming a 99.9% rejection of ¢-induced counts
and an anticoincidence cut among the detectors. Surface con-
taminations in the light detectors are not considered because
they would give rise to coincident events, which are easily
tagged and rejected.

4.1.5 2vB B induced background

The background sources described above (external sources
or radioactive contaminants in the setup) could theoretically
be reduced to zero, even though the technical challenges
would be substantial. However there is a background source
for any Ov 3 B search that is always present: the 2v3 3 decay
of the candidate isotope itself.

The end point of the 2v3 8 spectrum can contribute sub-
stantially to the background in the ROI as the energy resolu-
tion of the experiment becomes larger. However, as already
shown in Table 1, in detectors with good energy resolutions
like bolometers, the ratio of 2v3f to Ov33 event rate, as-
suming |m,.| in the TH region, is negligible.

On the other hand, a drawback in the use of bolometers
comes from their slow response time. Accidental pile-up of
2vB B events can produce a contribution to background in
the ROI at a detectible level, thus limiting the sensitivity of
an experiment [53, 74]. Two events produced in the same
detector by two random 2V 3 3 decays within a time window
smaller than the typical time response of the detector can
produce a signal that mimics a Ov3 3 decay.

In order to study the effects of 2vB 3 pile-up in bolo-
metric detectors in detail, we used a software tool devel-
oped for the CUORE experiment [75] that simulates signal
pulses and noise samples of TeO, bolometers, including the
effects generated by operating temperature drifts, nonlinear-
ities, and pile-up. The signal shape is reproduced by means

9This means that a given event rate was observed in several energy
regions compatible with the existence of surface contamination, but no
distinct signature could be attributed directly to a particular source of
contamination.
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Table 7: Upper limits (90% CL) on surface contamination of crystals and copper (see text for more details) with the cor-
responding upper limit on the induced Ovf counting rate in a ROI of 5 keV. A 99.9% rejection of a-induced counts and

anticoincidence cuts among the detectors have been applied.

Element Contamination Te Se/Cd/Mo
[Bg/cm?] [ents/ton/y]  [cnts/ton/y]
238U on crystal surface <9x107° <2 <1
232Th on crystal surface <2x107° <1x107!  <2x107!
210pp on crystal surface <2x1078 <8x1073 <9x1073
238U on copper surface <3x10°8 <1 <3x107!
232Th on copper surface <4x1078 <1 <2
210pb on copper surface <2x1077 <3x1072  <4x107?

of a thermal model [76] with a pulse amplitude randomly
extracted from a theoretical 2vf3 3 spectrum [77]. The pulse
is then superimposed on a noise baseline, sampled according
to measured noise power spectra of real TeO, detectors. The
pile-up rate is artificially increased so that two 2v3 3 pulses
always pile-up within a time window between 0 and 100 ms.
The simulated pile-up pulses are then processed as real data.

The analysis shows that standard pulse shape analysis
cuts, already developed for CUORE, give a pile-up rejec-
tion efficiency of 100% down to AT = 5 ms and, for the
best performing channel, down to AT = 1 ms. In Table 8
we summarize the 2vff pile-up-induced background for
the four Bf candidates considered in this paper. The re-
sults for scintillating crystals are an extrapolation of what
was obtained for TeO, crystals using the simulation frame-
work described above. The pile-up rate is evaluated for 90%
enrichment, a 5x5x5 cm’ crystal, and for a minimum pulse
separation times of AT = 1 ms. The background is expressed
in cnts/ton/y in a ROI of 5 keV.

Further improvement could be obtained by exploiting
the faster time response of light detectors; the pulse rise time
of bolometric light detectors is already a factor ~5 smaller
than the rise time of bolometric signals. For example, the
case of '"°Mo, which is the most problematic among the iso-
topes in Table 8, given the relatively small T%}’z, has been ex-
tensively studied in [74]. There, it is shown that the pile-up
discrimination on light signals can reduce the background
induced by 2vB in 1Mo to well below 1 cnts/ton/y.

In principle a pile-up can occur not only among two
2vB B decays but also among two radioactive background
pulses or among a 2vff decay and a radioactive decay.
Both these additional contributions can result in spurious
pulses in the ROI. While the 2v3f pile-up rate, given the
isotope and the crystal, is irreducible, the pile-up rate from
background and background plus 2v3 3 depends on the ra-

dioactive background rate and can therefore be limited to
a certain extent. Our estimations show that, assuming a ra-
dioactive background rate of 0.14 mHz (CUORE estimate),
the resulting pile-up background in the ROI from radioactive
sources and radioactive sources plus 2vf3 3 is negligible for
all isotopes but for Tellurium, where the contribution is of
the same order of magnitude than the 2vBf pile-up. How-
ever, considering the additional background reduction fore-
seen for the IHE with respect to CUORE, we conclude that
the only source of pile-up background in the ROI that has
to be taken into account for a future generation bolometric
experiment like the THE is the 2v3 8 decay, as considered in
this work.

4.2 Background budget

Here, we summarize the results that are described in previ-
ous sections and reported in Tables 5, 6, and 7; the tentative
background budget of the IHE is shown in Fig. 7. The differ-
ent background contributions are grouped according to the
material where the contamination is located. Upper limits
for 238U and 232Th for the same material were summed up in
order to give the most conservative result, except for copper
surface contamination (see Table 7) where the upper limits
for different isotopes were not summed since they are mutu-
ally exclusive. In this case, the highest upper limit was taken.
For the materials where both the bulk and surface contam-
inations contribute to the background in the ROI, the two
components are indicated. Black bars refer to TeO, crys-
tals while grey bars refer to scintillating crystals. For the
latter, we indicate the worst result among those available.
2vPB B pile-up-induced background is not included in the
budget of Fig. 7.
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Table 8: 2v3f pile-up induced background in a 5 keV ROI for experiments based on the four 3 candidates discussed in
this work. The pile-up rate is evaluated for a 90% enrichment, a 5x5x5 cm? crystal and for a minimum pulse separation

time AT = 1 ms.

Isotope Crystal Ngp
[n/crystal]
828e ZnSe 2.5x10%
ecq  Ccdwo,  1.5x10%
10M0  ZnMoOs  1.3x10%
130Te TeO, 2.5x10%*

As indicated previously, all reported background values
are conservative upper limits which reflect the state-of-the-
art of the ongoing R&D including: scintillating bolometers,
material cleaning techniques, and methods for measuring
such low levels of radioactive contamination. Low level ra-
dioactivity measurements in particular are becoming more
and more challenging as the radiopurity of the materials in-
creases. It is reasonable to expect that all the reported lim-
its will improve in the near future. CUORE-O initial perfor-
mances [72] have already demonstrated a factor of 6 im-
provement in the background rate in the o continuum re-
gion compared to Cuoricino. This is due to more rigorous
copper surface treatment, improved crystal production and
treatment protocols, as well as more stringent assembly pro-
cedures. CUORE-O further data and CUORE itself will pro-
vide valuable measurements of the radiopurity ultimately
achieved with state of the art materials cleaning techniques.

In order to draw a conclusion on what could be the ul-
timate background reach of a IHE bolometric experiment,
we make the aggressive assumption that using a muon ac-
tive veto and a neutron shield, applying to the scintillating
crystals the same (or even more stringent) protocols of mate-
rial selection and crystals production and polishing used for
TeO, crystals, using delayed coincidences to tag 3/ bulk
emissions, and understanding the nature of surface contam-
inations, a background index of 0.1 cnts/ton/y could be op-
timistically achieved.

4.3 Discovery potential

In the following discussion, we will refer to the definition of
sensitivity and discovery potential given in Ref. [44] for the
CUORE experiment.

In order to claim OvfBf discovery, the exposure of the
experiment (e.g. measured in ton-y) should be large enough
to generate a statistically significant number of signal events
above the background. When a signal is observed in the

Tfyz Bkg in ROI [5 ke V]
[y] [cnts/ton/y]
9.2x10"? 2.7x1072
2.8x10" 0.07
0.7x10" 1.5
68x10"° 0.5x1073
SS (bulk) ] - T602
_ [ Jother crystals|
ead (bulk) ‘
e ———————————————————
l
Copper (bulk) |
]
l
Copper (surface) |
e ——————————————————————————
|
Crystal (bulk) |
]
Crystal (surface) ‘
e ——————————————————SSS——
l
Environmental |
1

10* 10° 10? 10

(=]

10
cnts/ton/y

Fig. 7: IHE background budget. All reported values are
conservative upper limits. Black bars refer to TeO, crys-
tals while grey bars refer to other crystals. 2vf3 3 pile-up-
induced background is not included. SS stands for stainless
steel.

presence of a finite background, there is always some prob-
ability that the observation is due to a background fluctua-
tion. The convention for discovery is that any candidate sig-
nal be greater than 5o above the background, correspond-
ing to a probability of & = 2.87 x 10~ that the observation
is merely a fluctuation consistent with the expected back-
ground. In this case the finite-background Gaussian-regime
discovery potential is defined by Eq. (5) with ng = 5.

For extremely low background levels, such as those con-
sidered for the IHE in this work, the Gaussian regime no
longer holds and it is more appropriate to assume a Poisson
distribution of the background counts. Following [44], the
Poisson-regime calculation of the background-fluctuation sen-
sitivity is given by the formula:

~

P(S(AE)+B(AE),B(AE)) = o, 9)
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~

where S(AE) and B(AE) are the expected number of signal
and background events in an energy region AE around the

Q-value, which is in our case 5 keV. The quantity S(AE) is
defined as:

S(AE) = Sof (AE) (10)

where Sy is the mean signal and f(AE) is the fraction of
signal events that fall in an energy window AE around the
Q-value. Eq. 9 means that the Poisson integrated probabil-
ity that the background distribution alone will cause a given
experiment to observe a total number of counts larger than
S(AE) + B(AE) is lower that a.

The Poisson finite-background discovery potential can
be defined as the Ovff half-life that would give rise to the
mean signal So found from Eq. (9) for ot = 2.87 x 107 and
the appropriate value of B(AE).

In the true zero-background case, the observation of a
single event would be enough to claim discovery. However,
it is still necessary to quantitatively set the criteria to see
that one event. A conservative choice is to require S (AE) be
high enough so that the Poisson-regime probability to ob-
serve at least one event is higher than 90%. This corresponds

to S(AE) = 2.3. Therefore we can set the two criteria for
discovery potential as:

1. P(S(AE)+B(AE),B(AE)) <2.87 x 1077
2. S(AE)>23

For a sufficiently small number of background counts, the
requirement for the expected observation to be inconsistent
with the background (criterion 1) becomes less stringent than
the requirement for the experiment to be reasonably likely to
observe any signal event at all (criterion 2).

To discuss the discovery potential of the IHE, we defined
it as a CUORE-like (988 5x5x5 cm? crystals) double beta
experiment using bolometer technology based on the four
0vB B candidates discussed in this work. Further assump-
tions are: 90% enrichment in the candidate isotope, AE=5
keV, and a 5 y exposure time. For the background, we set it
to either 0.1 cnts/ton/y (discussed in Sec. 4.2) or to the value
of the 2v 3 B pile-up-induced background for AT= 1 ms (see
Table 8), whichever is bigger.

In Table 9 we report the maximum observable value of
the Ov 3 B half life (Tlo/‘é p) and the minimum observable value
of the Majorana neutrino mass (|me.|p), according to the
given definition of discovery potential, of the IHE. The sub-
script D stands for discovery and the two values of ||
correspond to the most and the least favorable choice of the
nuclear factor of merit. For the sake of completeness and to
ease the comparison with future experiments that quote sen-
sitivity instead of discovery potential, we report in Table 9
also the expected sensitivity in 5 years (TIO/V2 ) and the cor-

responding range of Majorana neutrino mass (|m,,|s). The

subscript S stands for sensitivity. The sensitivity is calcu-
lated as follows:

— for ZnMoOQy, using the 1.64c6 (90% C.L.) background
fluctuation Poisson method described in Ref. [44]

— for the remaining isotopes, using the zero-background
approximation of Eq. 7. This is because the expected
number of background counts in the ROI is well below
one, so the zero-background condition applies.

To explore the potential of future experiments, we can
speculate on the possibility of completely eliminating the
background coming from radioactivity and leaving only the
intrinsic contribution of 2v . Given the high energy res-
olution of bolometers, the background from the tail of the
2vB B decay is negligible. The ultimate contribution would
then be the 2vfBf pile-up for AT= 1 ms whose rate ex-
pressed in cnts/ton/y in a 5 keV energy window is listed in
Table 8.

In Fig. 8 we plot for each candidate isotope, the pre-
dicted Ov 3 3 rate vs. the Majorana neutrino mass (|nn,,|) for
the most favorable (blue) and least favorable (orange) val-
ues of Fy presented in Fig. 2. The green and red horizontal
lines represent the observable rate defined according to our
discovery criteria, for an exposure of 5 ton-y and 10 ton-y
respectively. The values of |m,.| where each horizontal line
intersects the curves are the minimum observable value (for
the given exposure) of the Majorana neutrino mass for the
most and the least favorable choice of the nuclear factor of
merit.

A summary of the results presented in the plots of Fig. 8
is given in Table 10. For each candidate isotope we report
the maximum observable value of the Ov 3 half life (Tlo/v2 »)

and the minimum observable Majorana mass (|, |p) for the
most and least optimistic choice of the nuclear matrix ele-
ments for the cases of both a 5 ton-y and 10 ton-y exposure.
As we did for Table 9 we report in Table 10 also the expected
sensitivity (TIO/V2 ) and the corresponding range of Majorana
neutrino mass. We have added a subscript S to distinguish
the values of the Majorana neutrino masses calculated from
sensitivity (|m..|s) and those derived from discovery poten-
tial (|mee|p)-

Considering the variations due to different definitions of
the discovery potential (there is always a certain degree of
freedom in this choice, as discussed in [44]) we can con-
clude that the experimental technique based on ¢¢-discrimina-
ting bolometers grown from enriched material may lead to
the investigation of a large fraction of the IH region. Some
cases, such as TeO, with Cherenkov light readout or ZnSe
with 10 years exposure, may lead to complete IH explo-
ration. However, given the strong impact of NME uncertain-
ties on |m,| limits, future developments in the calculations
of NME might change the situation considerably.

Experimental goals discussed above require tremendous
effort towards background reduction. Of particular concern
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Fig. 8: Discovery potential (see text) of future double beta experiments with bolometers based on the four Ov  candidates
discussed in this work. We assume that the only contribution to the background comes from the irreducible 2v 3 pile-up. A
summary of these results is given in Table 10.
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Table 9: Maximum observable value of the Ovf half life (Tlo/‘é p) and minimum observable value of the Majorana neutrino

mass (|me.|p) of the IHE, defined as a CUORE-like (988 5x5x5 cm? crystals) double beta experiment with bolometers based
on the four OV candidates discussed in this work. The assumptions are: 90% enrichment in the candidate isotope; AE=
5 keV; 5 y exposure time; background equal to the maximum value between 0.1 cnts/ton/y and the 2v3 8 pile-up-induced
background for AT= 1 ms (Table 8). The two values of |m..|p correspond to the most and the least favorable choice of the
nuclear factor of merit. The last two columns reports the 1.640 (90% C.L.) sensitivity in 5 years (see text for an explanation
on how the sensitivity is calculated) and the corresponding range of Majorana neutrino mass. We have added a subscript S to
distinguish the values of the Majorana neutrino masses calculated from sensitivity (|, |s) and those derived from discovery

potential (|1 |p).

TOV

Crystal IHE mass  Exposure 12D |Mee|D TIO/‘; s |Meels
[ton] [ton-y] [107y]  [meV] [10?7y] [meV]

ZnSe 0.664 3.3 0.81 18-52 2.2 9-27
CdWO, 0.985 49 049  24-45 1.5 12-22
ZnMoOy 0.540 2.7 0.19 24-69  0.65 11-31
TeO, 0.751 3.7 0.90 17-43 2.6 8-21

is the understanding and control of surface contamination
on the various detector materials. To contribute to this ef-
fort, the feasibility of high efficiency o-discrimination in
TeO, bolometers using Cherenkov light readout should be
demonstrated; if possible, both Cherenkov and scintillating
bolometer techniques should be scaled to a large size ex-
periment. Light detector performance, such as energy- and
time-resolution as well as light collection efficiency, should
also be improved. All these items are already the subject
of an intense R&D and new results will be available soon.
Lastly, economics of the isotopic enrichment, feasible for
all the candidate isotopes described in this work, needs to be
understood.

Conclusions

Currently operating and near-term Ovf3 3 experiments will
not be able to explore the large portion of the IH region.
Limiting factors are the relatively small isotope masses and/or
the large background counting rates. Future plans in this
field will require the use of high resolution detectors to deal
with the intrinsic background induced by 2v[3 3 decay.

In this paper, we have studied the possibility of a par-
ticular type of bolometer: those that are able to discriminate
o-induced backgrounds from f3 /v backgrounds. These high
resolution devices not only efficiently reject 2vf33 back-
ground, but their o/-rejection capability also makes them mu-
ch less sensitive to the surface contamination that presently
dominates the background in experiments based on cryo-
genic bolometers like CUORE.

Assuming that the sensitivity is limited only by the undis-
criminated pile-up of 2vf3f3 events, we have demonstrated
that the use of at-discriminating bolometers, grown from en-
riched material, can lead to a feasible future experiment hav-
ing a OvBf discovery potential in the IH region. We have
also addressed areas where the strongest effort will be re-
quired in order to improve the performances of such detec-
tors. We conclude that complete coverage of the IH region
is possible with a large array of low-background bolometric
detectors. Achieving this goal requires significant isotopic
mass of order of 1 ton, and nearly zero background rates
in the Ov3 B region of interest. Active background rejection
techniques, such as pulse shape discrimination or detection
of scintillation or Cherenkov light, offer a promising way
to suppress the most dominant ¢« backgrounds. The ultimate
sensitivity of such detectors may be limited by the accidental
pile-up between multiple 2vf3 3 events in the same crystal.
Capability of rejecting such pile-up events in the bolometric
detectors needs to be demonstrated.
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